Chemical cues contained in foods are received by taste receptor cells (TRCs) in the taste buds and evoke taste sensations consisting of five basic taste modalities: sweet, umami, bitter, sour and salty. Individual TRCs are dedicated to one of these five modalities 1,2 , and genetic ablation of a selective functional subset of TRCs causes the loss of specific taste responses 3 . TRCs in the taste buds are derived from the local epithelium 4 and undergo continuous turnover every 1-2 weeks 5 . Thus, strictly controlled differentiation is critical for the maintenance of TRC diversity and the balance of TRC composition in taste buds.
B r i e f c o m m u n i c at i o n s
Chemical cues contained in foods are received by taste receptor cells (TRCs) in the taste buds and evoke taste sensations consisting of five basic taste modalities: sweet, umami, bitter, sour and salty. Individual TRCs are dedicated to one of these five modalities 1, 2 , and genetic ablation of a selective functional subset of TRCs causes the loss of specific taste responses 3 . TRCs in the taste buds are derived from the local epithelium 4 and undergo continuous turnover every 1-2 weeks 5 . Thus, strictly controlled differentiation is critical for the maintenance of TRC diversity and the balance of TRC composition in taste buds.
Transcription factors are important for the generation and fate determination of various cell types [6] [7] [8] . It has been hypothesized that some transcription factors may regulate the differentiation of TRCs, which are continually self-renewing even in adult animals. We conducted a genome-wide comparative survey of gene expression profiles from isolated taste buds, circumvallate epithelium and non-gustatory tongue epithelium (Supplementary Methods) and found that mRNA for Skn-1 (also known as Pou2f3), originally identified in epidermal keratinocytes 9,10 as Skn-1a/i, which encodes two functionally distinct POU homeodomain proteins, Skn-1a and Skn-1i, is expressed in a subset of taste bud cells (Fig. 1a) . Double fluorescence in situ hybridization analysis revealed that Skn-1a/i mRNA was expressed in T1r3 (also known as Tas1r3)-positive sweet and umami TRCs, T2r5 (also known as Tas2r105)-positive bitter TRCs, and a small population of oval cells in the basal region of the taste buds, but not in Pkd2l1-positive sour TRCs and NTPDase2 (also known as Entpd2)-positive cells with unknown functions (Fig. 1b) . A detailed analysis using specific probes for Skn-1a and Skn-1i (probes a-2 and i, respectively, in Supplementary Fig. 1a ) revealed that only Skn-1a mRNA was expressed ( Supplementary  Fig. 1b) Functional diversification of taste cells is crucial for proper discrimination of taste qualities. We found the homeodomain protein Skn-1a (Pou2f3) to be expressed in sweet, umami and bitter taste cells. Skn-1a-deficient mice lacked electrophysiological and behavioral responses to sweet, umami and bitter tastes, as a result of a complete absence of sweet, umami and bitter cells and the concomitant expansion of sour cells. Skn-1a is critical for generating and balancing the diverse composition of taste cells. Fig. 1c ). These results indicate that Skn-1a is the major transcript of the Skn-1 locus in sweet, umami and bitter TRCs, as well as in basal cells in the taste buds.
To elucidate the function of Skn-1a in the gustatory system, we generated gene-targeted mice with a null mutation of Skn-1a/i (Supplementary Fig. 2 ). Skn-1a protein was completely absent in the B
of basal cells expressed truncated, nonfunctional Skn-1a mRNA (Fig. 2a) . Skn-1a-deficient mice were viable and fertile and displayed no overt abnormalities in the gross morphology of the taste buds, as assessed by the expression of KCNQ1, a marker for nearly all taste bud cells 11 (Fig. 2a) . However, the Skn-1a-deficient mice showed no preference for sweet and umami tastes and no avoidance of bitter taste, whereas their aversive response to sour taste appeared to be normal ( Fig. 2b and Supplementary Fig. 3a) . Electrophysiological recordings of peripheral nerves containing gustatory fibers displayed a significant decrease in their responses to sweet (P < 3.0 × 10 -5 ), umami (P < 5.0 × 10 -3 ) and bitter (P < 2.0 × 10 -5 ) tastes, whereas, consistent with the behavioral phenotypes, normal responses to sour and salty tastes were maintained ( Fig. 2c and Supplementary Fig. 3b ).
These findings indicate that Skn-1a protein is required for the normal development and/or function of the gustatory system, particularly for sweet, umami and bitter taste reception.
In Skn-1a-deficient mice, we detected no mRNA for either the receptors or the signal-transducing molecules mediating sweet, umami and/or bitter taste stimuli (Fig. 3a) . In marked contrast, a significant increase was observed in the mRNA levels of genes expressed in sour TRCs (P < 4.0 × 10 -5 ), including Pkd2l1, Pkd1l3, Aadc (also known as Ddc) and Snap25 ( Fig. 3b and Supplementary Fig. 4 ). It should be noted that the amount of increase in Pkd1l3 mRNApositive cells in Skn-1a-deficient mice was equivalent to that of the decrease in Plcb2 mRNA-positive cells (Fig. 3c and Supplementary  Fig. 5 ). These data suggest that the population of sour TRCs was expanded in the taste buds of Skn-1a-deficient mice at the expense of sweet, umami and bitter TRCs. In the taste buds of transgenic mice harboring GFP under the control of Skn-1a promoter on the Skn-1 −/− background, GFP protein was not detectable in any cells and GFP mRNA was detected in only a minority of the basal cells (Supplementary Fig. 6 ), as observed for Skn-1a mRNA and protein in the Skn-1a-deficient mice (Fig. 2a) .
Taken together, our findings provide compelling evidence that Skn-1a is a crucial transcription factor for generating sweet, umami and bitter TRCs. Because Skn-1a is expressed in mature TRCs as well as in the immature taste bud cells, it is likely that Skn-1a has multiple roles, not only in the specification, but also in the differentiation and maintenance of sweet, umami and bitter TRCs. Our results also clarify the genetic relationships among the three cell lineages giving rise to sweet/umami/bitter TRCs, sour TRCs and the remaining taste bud cells, including the subpopulation of salty TRCs 2 . The loss of sweet, umami and bitter TRCs and the expansion of sour TRCs caused by Skn-1a deficiency suggest a binary differentiation competence of progenitor cells into sweet/umami/bitter TRCs and sour TRCs.
Note: Supplementary information is available on the Nature Neuroscience website.
